Abstract-The purpose of this study was to improve the exposure assessment of airborne microorganisms by means of image processing of fluorescence microscopy images. This technique reduces the analysis time and also offers the opportunity to measure the size distribution of the microorganisms. We developed and implemented an automatic focusing procedure in order to count and size evaluate the microoganisms in the sample. However, automatic focusing was not possible if there were any impurities such as larger particles present. Therefore, manual focusing of the microscope had to be applied in connection with automatic counting and size evaluation when assessing the exposure of workers handling materials containing microorganisms, for example. This is also an improvement as it is faster than the fully manual standard methods. The new methods developed in this study correlated (r 2 > 0.85) with the standard method for samples of E. col: and for samples of generated airborne bioaerosols from household waste, although a correction factor is necessary. No correlation was found for samples of generated bioaerosols from composted waste. This work has established a possibility for improving exposure assessment of airborne microorganisms by means of image processing instead of manual counting.
INTRODUCTION
The growing concern for human exposure to microorganisms in the working environment has created a need for improved and more efficient analytical tools (Poulsen et al., 1995a,b) . For the purpose of measuring occupational exposure, airborne dust and microorganisms are often sampled on membrane filters and, after washing the filters, the suspensions obtained are analysed. Viable microorganisms are normally analysed by viable counts of defined growth media. However, during sampling of aerosols, a considerable loss of viability of the microorganisms occurs as the collected microbial cells are poorly protected against the large volumes of air passing over the filters. Therefore, microbial counts based only on viability will underestimate the true quantity of microorganisms in a sample. The number of viable and non-viable microorganisms can be determined by epifluorescence microscopy after staining with acridine orange. By means of microscopy, the microorganisms can be counted and classified according to morphological criteria. For airborne microorganisms, a combination of these two basic methods has been described in the CAMNEA-method: Collection of Airborne Microorganisms on Nuclepore filters, Estimation and Analysis (Palmgren et al., 1986) .
Manual counting is a time-consuming process, and some work has been done to make use of image processing but this has primarily resulted in semi-automatic systems with manual movement of the object and manual focusing of the 202 J. KiklesB and B. H. Nielsen microscope. The technical problems related to fluorescence microscopy are two-fold, namely the low contrast and the low light intensity rendering the automatic image processing difficult. Some commercial image processing systems offer the possibility of automatic focusing of images with good contrast and at reasonable light intensity.
The issue of automatic focusing has been discussed by Kenny (1983) who suggested the measurement of texture parameters, and by Vollath (1988) who discussed different methods for finding the maximum contrast in the image and the sensitivity to noise of these methods. Vollath (1988) emphasized that the different autofocusing algorithms have definite areas of application.
With respect to the image processing issue, Arndt-Jovin et al. (1985) give a general description of the use of image processing in fluorescence microscopy. Since then, both the hardware and the software have improved and there has been a considerable increase in the use of image processing in fluorescence microscopy for numerous kinds of biological purposes, see Avinash et al. (1993) , who analysed contrast filled microvessels, and Odeyale and Hook (1990) , who quantified macrophage phagocytosis, for example. Sieracki et al. (1989) evaluated different threshold selection methods for evaluation of size in epifluorescence microscopy and suggested a method based on the minimum of the second derivative of the intensity profile. Viles and Sieracki (1992) used a Laplace operator to apply this method for detecting the edge of picoplankton cells in an image. Other edge detecting methods such as the Sobel operator (Russ, 1990 ) may be of use. Xu-van Opstal et al. (1994) applied automatic focusing to the study of living cells in culture, and used a method based on the measurement of the standard deviation of the pixel grey level value.
The objective of this study was to examine the possibilities of automizing the counting and size evaluation of microorganisms in fluorescence microscopy in connection with bioaerosols sampled on filters in working environments.
MATERIALS AND METHODS

Samples
For this study, counting of microorganisms was performed on sub-samples of pure cultures of E. coli. The bacteria were cultured in Nutrient Broth (Oxoid, Hampshire, U.K.) for 24 hours at 37°C and sub-samples were stored at -80°C. Furthermore, counting was performed on sub-samples of bioaerosols from household or composted waste, which were produced during experimental generation of aerosols in a rotating drum tester (Breum et al., in press ). The household waste had an age of 1-2 weeks and was rather wet compared with the industrial composted waste which was household waste composted for 5-9 weeks. The latter seemed more like soil and was drier and more homogeneous than the household waste used for this study.
Microorganisms from the generated aerosols were collected on 142 mm cellulose nitrate filters, 5.0/mi pore size (Toyo Roshi International Inc., Utsunomiya City, Japan). After exposure and weighing, the filters from the drum tester were frozen at -18°C. The thawed filters were resuspended by stomacher in 100 ml sterile 0.05% Tween 80 solution (Sigma, St. Louis, U.S.A.). The solution and filter were kept for Exposure assessment of airborne microorganisms 203 2 h at room temperature before stomaching twice for 2 min with an interval of 1 h. The extraction fluid was distributed in sub-samples of approximately 5 ml and stored at -80 c C until further preparation. This extraction procedure was not a standard procedure for quantitative analysis but was developed for the preparation of suitable slides for this study.
The procedure of staining and counting follows the principles of the epifluorescence technique from the CAMNEA-method (Palmgren et al, 1986) . One millilitre of appropriate dilutions of the thawed sub-samples were stained with 0.3 ml 0.01% acridine orange in acetate buffer (bioMerieux, Marcy l'Etoile, France) for 30 s and filtered through a 25 mm, 0.4/zm dark polycarbonate Nuclepore filter (Nuclepore: 110657, Costar, Cambridge, U.S.A.). After drying, the filter was mounted on a glass slide and a cover-slip applied. Immersion oil, nd= 1.516 (Olympus Optical Co., Japan), was applied both between microscope slide and filter and between filter and cover-slip. To avoid fading of the acridine orange, the stained samples were kept in darkness until the time for the counting procedure which took place the same day. For each comparison, two equivalent slides were made for manual counting and for counting by image processing, respectively.
Counting procedure
Microorganisms were counted manually at a total magnification of 1250x (with a lOOx objective) in an epifluorescence microscope, model Orthoplan (Leitz Wetzlar, Germany) fitted with a high pressure mercury lamp of 50 W, excitation filter BP 420-490, barrier filter LP 520 and dicroid splitter FT 510. For manual counting, immersion oil was also mounted between cover-slip and objective. In order to define the area within which microorganisms were to be counted in each image field, a micrometer disc was mounted in the microscope eyepiece.
The number of microbial cells on the surface of the filter was counted in 40 randomly selected fields which approximately amounts to 0.018% of the stained area of the filter. Most of the filter was stained as only a narrow zone along the edge of the filter was covered during the staining and consequently not stained. Morphologically different microorganisms, for example, rod-shaped bacteria, spheres (cocci), fungi spores and yeast were distinguished. In this study, only the total amount of the microbial cells was compared with the results from the image processing counting procedure.
Hardware for image processing
The hardware forming the basis of the image processing work was an Olympus Vanox-T microscope (Olympus Optical Co., Japan) with a lOOx objective (NA = 0.95), set up for epifluorescence equivalent to the Leitz microscope for the manual counting (Fig. 1) . The limit of the microscope for a reliable size determination of objects was estimated to be 0.6/im based on previous experience. This limit is equivalent to the mean wavelength of light, so objects with a diameter below this limit were excluded from the analysis of the results. The microscope was equipped with an automatic stage moved by step motors. The camera used was an Optronics TEC-470 CCD integrating colour video camera with Peltier cooling and a resolution of 470 horizontal lines and 400 vertical lines (Optronics Engineering, Goleta, U.S.A.). The minimum illumination was 2xlO~4 Lux at the maximum exposure time of 4 min per field. The signal transferred to the computer was an RGB signal. The total magnification from the sample to the image stored in the computer was calibrated by means of a micrometer scale. One pixel represented a distance of 0.13/mi on the sample. As the processed image consisted of 512x512 pixels each with 256 grey levels, an image on the monitor for the processed image was equivalent to a size of 67x67/im 2 on the sample.
Software
For the image processing, a Kontron Vidas Plus image analyser system (Kontron Elektronik GmbH, Germany) was used. In this system, the computer controls the movements of the microscope stage and the focusing. The movements of the stage in the x and y directions were set up so that the images analysed on each individual sample were distributed equally over the sample. It was neccessary to adjust the stage with respect to the actual placement of the sample on the glass slide. The standard routines for autofocusing in the system were not sufficient for this purpose due to the long integration time of the camera and the low contrast in the images. Therefore, a separate routine for autofocusing based on finding the focusing level of maximum image contrast was developed and tested. In this routine, the algorithms of Vollath (1988) were used. Also, a more simple method based on finding the level with the maximum number of pixels exceeding a given threshold value was tested. This method was approximately three times faster. The time for the automatic focusing should be minimized due to the possible fading of the fluorescent microorganisms.
In the simpler focusing method, the pixel grey level threshold value above which the pixels were counted had to be selected at a level so that the number of pixels exceeding it would be at the maximum when the image field was at the maximum focus. If the chosen threshold value was too low, the larger image of an out-of-focus microorganism could result in the selection of a wrong focus level. Therefore, the level was chosen so that only the central spot of the microorganisms would exceed the level when they were in focus where the light intensity in the centre is at the maximum. When the microorganisms were not close to the focus level no pixels would exceed this level. This was done by a built-in interactive procedure for binarization of an image before starting the analysis of a sample. This level was selected by manually adjusting the threshold value for each sample while watching the parts of the image exceeding the value on a monitor. These parts were green in a black and white image, and the threshold value was easily selected so that only the central part of the microorganisms would exceed it.
The step length between image planes where the focus was analysed was 1.5 /on and to be certain to obtain the level of focus, it was necessary to investigate approximately 45/an along the z-axis, that is, 30 images. Because of the hysteresis in the mechanical system, it is not possible to pass the focus plane and then go back and obtain the image. This problem was solved by storing the latest image analysed for the quality of focus in the image memory until the next image had been analysed and it had been established whether the focal plane was there. When the focal plane had been found, the image was ready for further processing. This focusing method was tested and it was found that there were no problems with local maxima, that is, maxima in the number of pixel values exceeding the threshold when the image field was out of focus.
The short distance within which the automatic focusing was performed required a very smooth surface of the sample on the glass slide. Some automatic correction during the analyses of a sample was made so that the centre of the focusing interval was adjusted between each image field. The new centre of the focusing interval was selected as the mean between the previous centre and the actual focus level of the previous image field.
It appeared that automatic focusing could not be used with samples polluted with many larger fluorescent particles. This problem applies to all methods of autofocusing known to the authors. When large particles are present in an image, there is a high probability that an automatic focusing system will find the optimal focal plane for these particles whereas the smaller particles for this purpose, which are of interest, will be out of focus. Therefore, a version of the programme was set up with manual focusing.
For each image in the microscope, the three individual images for the red, green and blue colour were transferred to the computer. Almost all information on the microorganisms was found to be in the red and green images and, therefore, these two images were added in order to increase the signal to noise ratio whereas the blue image was excluded from the processing. The specific colour of the single microorganism was not used in this study. The image was then filtered by a Gauss filter in order to reduce noise. The edges of the particles in the image were derived by means of a Laplace operator. For our purpose, the Laplace operator was found to give the best result with respect to detecting the edges of bacteria with low 206 J. KildesB and B. H. Nielsen light intensity and to maintain the correct size. The result was an image in which all edges had a pixel value different from zero and all uniform areas had a pixel value of one. At this point the image was binarized and a closing was performed to close gaps in the edges of the microorganisms. After this, the central area of the microorganisms was given the same pixel value as the edges. In the identification of the microorganisms, all objects with a total area of less than six pixels were removed from the image before analysing this further as these small objects were considered as noise as an object of six pixels will have an equivalent diameter of 0.2/an and this comes close to the limit of what can be detected in an optical microscope (Fig. 2) .
Parameters such as area, area equivalent diameter, and shape factor were measured and used for morphological classification of the microorganisms. The shape factor S was defined by:
where A is the area of the object in the microscope and P is the perimeter (that is, the pathway along the edge). For a circular object, S will be equal to 1, and for a line, S will be 0. Hence, by contrast with conventional manual counting of microorganisms in fluorescence microscopy, the system also offers information on the size distribution of the particles, such as, the concentration of respirable microorganisms in the samples.
RESULTS
The samples of the E. coli culture had a very homogeneous composition with a size of approximately 1 x 2 /an for a single rod-shaped bacteria (Fig. 3) . Figure 4 illustrates the measured size distribution of the E. coli as determined by image processing with automatic focusing. As expected, it appears that the distribution is relatively narrow which implies that the variability in the measurements has been low. The geometric mean value of the area equivalent diameter is 0.98 /im and the geometric standard deviation is 1.21. The variability present is basically due to different orientation of bacteria on the filter in the sample, that is, the bacteria are seen from different angles. However, the regression coefficient between the diameter and the shape parameter is very low (r 2 = 0.014) but significant (P = 0.000). The microorganisms in the samples of aerosols generated from household waste in a rotating drum consisted of fungal spores of the conidia type with an approximate diameter of 2-5/an and of bacteria, partly as cocci with an approximate diameter of 1 /im and partly as rod-shaped bacteria with an approximate diameter of 1 [an and a length of 2-6/im. A large number of different organic and inorganic dust particles was also observed.
The samples of the generated bioaerosols from household waste were more difficult to count than the samples of E. coli. The problems here were partly due to interference from autofluorescent particles of non-microbial origin and partly due to aggregates of microorganisms where the individual microorganism could not be distinguished. After the measurements, the computer moves the stage to another image field on the sample for analysis. The software includes the possibility of choosing between manual and automatic focusing. Figure 5 illustrates the measured size distribution of the airborne microorganisms in these samples as determined by image processing with manual focusing. There seems to be a relatively large number of small objects with a size close to the detection limit. By visual inspection it was found that some of these are cocci, but also some dust particles and undefined impurities are present. It is expected that a minor part of the cocci have been measured to a size below the detection limit and, for this reason, they have been excluded from the dataset. At the same time, some of the larger microorganisms have been underestimated in the counting.
Samples counted by image processing were also counted by the manual method. For the test of the automatic focusing method, 14 different samples of pure culture of E. coli were used. On each sample between 23 and 87 image fields were analysed with a mean of 41 image fields per sample. The variation in number of fields is due to the fact that, on average, it was not possible to find the focus in 54% of the 90 fields, and only the number of well-focused images were included. The reason herefore was impurities such as very large fluorescencing particles. In the manual counting, 40 image fields were counted. This comparison is illustrated in Fig. 6 where the regression line has been included. The regression coefficient is r 2 = 0.87 (P = 0.000). The overall standard deviation is <r = 408 per mm 2 whidh is set as the uncertainty of the method. The limit of detection is set to 3<r= 1224 per mm 2 . The intercept of the regression line is not significantly different from zero. The slope is 0.77 which indicates that the result found by image processing is on average underestimated compared to manual counting and that results from image processing should be corrected by a factor of 1.3.
For the test of the samples from the generated aerosols, the same image processing method was applied but the focusing was performed manually. Here, 49 image fields were analysed (a matrix of 7 x 7) by the image processing and 40 were analysed by the manual method. Eight different samples were compared. This comparison is illustrated in Fig. 7 . The regression coefficient is 7^ = 0.85 (P = 0.001). The overall standard deviation is CT = 450 per mm A comparison of eight samples of composted waste obtained in the rotating drum showed no correlation (^ = 0.043, P = 0.62) between the manual counting and the image processing with manual focusing (Fig. 8) . The reason for this was a high concentration of inorganic fluorescent particles which completely dominated all image fields. These particles were recognized by the human eye as nonmicroorganisms but were, nevertheless, counted in the image processing.
In the three types of samples, different proportions of particles were erroneously counted or not counted. For the E. coli samples, almost no particles except the E. coli were counted and, consequently, the slope of the regression line indicates that approximately 77% of the E. coli were counted. For the household waste, approximately 5-10% of the particles counted were not microorganisms. Therefore, close to 40% of the microorganisms were counted. For the composted waste, almost all the particles counted were not microorganisms.
For fully manual counting of 40 fields the time needed for analysis was approximately 30 minutes. For image processing with automatic focusing the time was 1 h for 90 fields of which some were not properly focused but no microscopist needed to be present. For image processing with manual focusing, the time needed was approximately 30 min for 49 fields. This time could be reduced by using a faster computer. Figure 9 illustrates the distributions of the shape parameter S for the microorganisms of which the size distributions are illustrated in Figs 4 and 5. This suggests a bimodal distribution of the microorganisms from household waste with maxima at 0.175 and 0.775. The shape parameter of the E. coli has a maxima at 0.625.
DISCUSSION
An homogeneous distribution of microorganisms on the stained filter is important to the developed technique. Only 0.018% of the stained filter area was used for the direct counting procedure and, therefore, heterogeneity might cause a considerable error. However, common manual counting rules include 40 to 50 fields chosen at random or 400 microorganisms counted on each filter (Palmgren et al. (1986) and Heldal et al. (1996) ). In this study, 40 fields were counted in the manual counting and the average number of microorganisms per field ranged from 10 to 75 microorganisms for the samples of generated aerosols. The number of microorganisms per field from sub-samples of the culture of E. coli ranged from 20 to 55, except for one sample which had only two. It was tested whether the distribution of microorganisms for the individual samples used in this study was homogeneous and this was found to be the case. The distribution was tested by means of a chi-squared test. The test parameter was the sum of the squared difference between the number of microorganisms in each field and the mean number per field for the sample.
Particles of non-microbial origin and other impurities were present in the samples of generated aerosols. By the counting with image processing, two types of misreadings were observed. One was that some non-microbial fluorescent particles were counted as microorganisms. Secondly, some of the microorganisms were not counted. Some were not counted because their light intensity was too low, and a few were not counted because they formed part of an aggregate which could not be separated by the image processing. These problems did not occur in the manual counting because a more specific recognition and evaluation of the microorganisms was possible. In the design of the software, priority was given to including as few non-microbial particles as possible as samples from many types of working environments may be heavily loaded with all kind of particles.
The number of image fields in which focus could not be obtained was approximately 50% for the samples with the E. coli. The reason for this was impurities of large fluorescent particles, probably from the fluorochrome, in these image fields. Large fluorescent particles dominate the image and the focus level will be selected so that these particles will be in focus but the smaller microorganisms will be out of focus. This was also a problem with other methods for automatic focusing tested in the study.
In samples of aerosols from different environments, smaller or larger aggregates of microorganisms may be observed and the individual microorganism cannot be distinguished (Eduard et al., 1990) . In order to improve the quantification a modified treatment of the suspended samples, including filtration of particles above 10nm and ultrasonic agitation as described by Heldal et al. (1996) , could be applied. This procedure was not used in the present study as only few aggregates were observed in the samples of aerosols and none in the samples of the culture of E. coli.
The concentration of microorganisms varied in the different samples but was always high enough to make sure that there were microorganisms in all image fields, rendering the automatic focusing procedure possible.
Using the standard deviation from the non-weighted regression analysis usually overestimates the limit of detection. However, the problem in this method is that the uncertainty of the focusing increases for low concentrations. Especially for automatic focusing, this will increase the limit of detection. The limit of detection for the developed method was approximately 1300 microorganisms per mm 2 on a sample and this is important to take into account when preparing the samples. However, this should only pose a problem for very low concentrations of microorganisms. The low concentration of microorganisms in the samples from composted waste may therefore be a reason for the lack of correlation. The calculated correction factors of 1.3 with the automatic focusing and of 2.4 with the manual focusing were obtained for two different kinds of samples. This illustrates that specific correction factors will have to be established for each new type of sample. Therefore, the method will only be beneficial when a higher number of a given type of samples are to be analysed.
The counting efficiency for the different microorganisms in the samples was not quantified in this work but is of course important. The counting efficiency is here defined as the probability that the single microorganism is counted in the analysis and is given as a function of the size. Since visual inspection showed that some microorganisms larger than 2.5 fim were present, Fig. 5 indicates that the number of large microorganisms has been underestimated. This could be an explanation for the relatively high correction factor found for those samples.
The measured size distribution of the E. coli agreed with the expected size of these bacteria. The shape parameter S seems to be useful for a rough discrimination between rod-shaped bacteria and cocci. However, the maxima for the rod-shaped E. coli bacteria at 0.625 shows that the difference in length to width relation between different microorganisms has to be large to make a discrimination on a population basis by means of this parameter possible. Discrimination based on size could be more feasible.
There is still some way to go before a fully automatic system can be used for all kinds of microorganisms in samples containing larger particles. However, this study shows that even a method based on manual focusing with image processing is less time-consuming than manual counting. Furthermore, the study shows that it is possible to develop and use fully automatic methods for specific applications, for example, samples of pure cultures of microorganisms or samples without large particles of non-microbial origin. In this context, an interesting application might be the counting of bacteria in drinking or bathing water.
As the estimates of the analysis time is based on a computer system with an age of 6 years, it would be possible to reduce the time for the image processing considerable by using a new and faster computer. The presented image processing system will therefore increase the analytical capacity. Hence, a larger number of samples may be analysed, thereby allowing a better description of the bioaerosol exposure. Also, the new system may increase the sensitivity by counting microorganisms on a larger area on the sample than can normally be counted with the manual procedure. Finally, it is important that the method offers the possibility of measuring the size distribution and shape of airborne microorganisms, as this is of interest when evaluating the deposition within the human respiratory system.
